Introduction
The introduction of non-invasive optical techniques to biological research has significantly decreased errors caused by sample manipulation and subjective interpretation of complex findings. Imaging has additionally improved analysis of higher plants because the molecular and physiological processes that alter the yield of chlorophyll fluorescence can vary substantially over the leaf surface [1] . Because of the spatial heterogeneity in leaf response to infection, imaging and its analysis are extremely important for reasonable determination of various stresses [2, 3] . This is especially crucial for early detection of infection, when fast action prevents the spread of disease.
Although there are numerous studies of higher plants using prompt fluorescence imaging [1, 4] , only a few publications deal with delayed fluorescence imaging. Bennoun and Beal [5] successfully screened algal mutant colonies with an altered thylakoid electrochemical gradient using delayed fluorescence digital imaging. Flor-Henry et al. [6] imaged delayed fluorescence from a leaf surface; however, their research was preferentially aimed toward ultra-weak luminescence from damaged leaves. Early works on DF visualization dealt with damage to the photosynthetic system caused by viruses, insects, temperature extremes, ultraviolet radiation, or herbicides [7] , whereas Ellenson and Amundson [8] investigated the spatial distribution and temporal development of plant stress using DF visualization.
There are several differences between delayed and prompt fluorescence. Delayed fluorescence (DF) is a long-lived (from milliseconds to seconds) low-level photon emission from plant tissue after a short illumination pulse [9] . During the illumination, charge pairs are generated in photosystem II (PSII), with positive charges located on the oxygen-evolving complex and negative charges on the quinone acceptors (Q A and Q B ). The slow components of DF originate in back reactions between the S 2 and S 3 states of the oxygen-evolving complex and quinones Q A and Q B [10] . The half-times of these reactions in isolated chloroplasts are 1 to 2 s for Q A +S 2/3 and approximately 25 s for Q B +S 2/3 [11] . Prompt fluorescence (PF), on the other hand, originates in the radiative de-excitation of excited chlorophyll molecules before charge separation emitted in the nanosecond time range. DF is affected by chemical and physical parameters, such as various chemicals and metals [12] [13] [14] [15] [16] , temperature [17] , or nutrient status [18] . The intensity of delayed fluorescence has been reported to be a measure of photosynthetic activity [19] . DF decay kinetics depend on the rates of back reactions in the electron backflow in the photosynthesis electron transport chain [12, 20] . These differences in the physiology of the DF and PF result in some advantages of DF-based parameters over PF: the DF signal can change by a factor of 10 or more, whereas the PF parameters would change by a factor of about three during certain fluorescence measurements [21] .
To see the effect on the photosynthetic apparatus of Solanum tuberosum leaves, we applied two photosynthesis inhibitors: methyl viologen (MV, also known as paraquat) and diuron (DCMU), as well as two heavy metals: cadmium and copper. DCMU affects the acceptor side of PSII, where it competes with plastoquinone and plastoquinol for the Q B binding site, preventing electron flow between photosystem II (PSII) and the plastoquinone pool [22] . This inhibition of the slow components of DF results in faster decay of DF [11] . MV acts as an electron acceptor from PSI and transfers the electrons to molecular oxygen-producing reactive oxygen species (ROS) [23] . It is believed that copper binds to PSII [24] and inhibits protein synthesis in chloroplasts as well as the reactions of the Calvin cycle [25, 26] . As a transition metal, it can also participate in Fenton chemistry, producing ROS, which can damage biological macromolecules [27] . Cadmium interferes with the oxygen-evolving complex in PSII, the plastoquinone pool, and ribulose-1,5-bisphosphate carboxylase oxygenase (RubisCo) synthesis [28, 29] . It is not a redox active-transition metal, but can indirectly expedite ROS production by substituting an essential micronutrient (e.g., disturbing Fe homeostasis; [30] ) or binding non-specifically to thiol groups, thereby disturbing various metabolic processes [31] .
Our aims were (a) to assess whether delayed fluorescence can be accurately visualized to enable quantification, and (b) to determine whether delayed fluorescence imaging makes it possible to see a spatially heterogeneous response of plant leaves to stress induced by either photosynthesis inhibitors or heavy metals. In addition, a quotient of DF and PF images was calculated to provide a normalized photosynthetic stress parameter.
Experimental Procedures

Plant material and exposure to the chemicals tested
The experiments were performed on excised leaves of Solanum tuberosum L. var. Sante [32] . The plants were grown from tissue culture. They were kept in a growth chamber at 21±1°C, 70±2% relative humidity, under cool white fluorescent light (160 µmol m −2 s −1 photosynthetically active radiation, PAR) with a light:dark cycle of 18:6 h. When the plants were 6 weeks old, fully matured leaves from the middle-top of the canopy were cut and their petioles inserted into 4 ml cuvettes filled with previously prepared dilutions of the chemicals tested in half-strength Steinberg growth medium [33] . The cuvettes with the leaves were then sealed with parafilm to minimize evaporation and put into the growth chamber. After 5 or 72 h the leaves were removed from the test cuvettes and the leaf stalks washed with distilled water, put into fresh half-strength Steinberg growth medium, and placed in darkness. 
Chemicals
Visualization measuring setup
Fluorescence and delayed fluorescence imaging was performed in a dark measuring chamber. 
Data acquisition
Before measurement, each leaf was transferred to the dark measuring chamber and covered with museum-quality non-glare glass (ClearColor Plus UV, NielsenBainbridge, Germany) to smooth the surface of the leaf and ensure uniform lighting conditions. Prior to the measurement, leaves were dark-adapted for 10 min. The EMCCD camera gain was set on maximum (fluorescence signal amplified 330-fold). For prompt fluorescence measurement, samples were illuminated with low-power illumination (0.13 μmol m −2 s −1 PAR) for 1 s while the camera was simultaneously recording the 
Determination of illumination homogeneity
The illumination conditions were examined before each experiment. A piece of uniformly white paper was put on the sample plate of the measuring chamber. LED illumination in the HIGH setting was used because at this illumination intensity sufficient excitation light reflected by the paper passed the emission filter to be detected by the camera. Under high-yield LED illumination, 1 s video clips were captured; 10 frames were extracted and averaged using custom-made software. Noise was subtracted from the averaged image using ImageJ software, versions 1.35s and 1.43u (Wayne Rasband, National Institute of Health, USA). Then the image was examined in ImageJ.
The heterogeneity of images in the central region of the field was less than 5% (radius of 20 mm). Across the entire field of observation, the heterogeneity of images was less than 10% (radius of 60 mm). In the experimental setup the illumination ring was 17 mm from the leaves. The objective lens was approximately 24 mm from the leaves.
PF images
One-second video clips were captured under low-power illumination as described above. Ten frames were extracted and averaged using custom-made software. Background subtraction and all subsequent image manipulation were performed in ImageJ. The resulting images were divided by the image of illumination homogeneity in order to normalize the fluorescence signal to the illumination intensity. To increase the contrast, the image histogram was stretched by setting the maximum pixel intensity to 3.
DF images
All frames were extracted from 20 s DF video clips. Frames 10 to 430 were averaged to obtain DF images. The background was subtracted from the original DF images and contrast enhanced in ImageJ.
PF, DF, and DF/PF intensity
Due to differential intoxication in the case of DCMU and MV, the images from these two treatments were quantified differently in 5 or 72 h experiments: in the 5 h experiments two regions in the case of DCMU (the midrib and the leaf edge) and three regions in the case of MV (the midrib, lamina, and leaf edge) were measured by placing a circular measuring area with a radius of 20 pixels over the areas of interest. In control, Cd and Cu treatments in 5 h experiments, and all treatments in 72 h experiments, only the central (midrib) regions of the leaves were analyzed.
Here a circular measuring area with a radius of 45 pixels was used. Measurements over the central vein were avoided when possible. In addition, the circular measuring area was much larger than the central vein area. The mean, standard deviation, and distribution of the pixel values were analyzed. The coordinates of the intensity measurements and the histograms were saved to enable traceability of the data-acquisition process. The mean values were used in the subsequent statistical analysis.
Fv/Fm measurements
In vivo chlorophyll a fluorescence was measured using a non-imaging pulse amplified modulation (PAM) fluorometer (OS5-FL, Opti-Sciences, Hudson, NH, USA). Minimal fluorescence (F 0 ) was obtained after 10 minutes of dark adaptation using a dark clip. The clip was positioned over the central portion of the leaf lamina. Maximal fluorescence (Fm) was determined after exposure to a 0.8 s saturating pulse of white light (about 8,000 μmol photons m −2 s −1 ). From the measured fluorescence data, the maximum quantum yield of PSII photochemistry Fv/Fm=(Fm−F 0 )/Fm was calculated [34] 
DF kinetics
The data for DF kinetics analyses were obtained as in PF, DF, and DF/PF intensity analysis. Thus each frame from DF video clips was analyzed. 
Statistical analysis
All experiments were repeated independently three times in triplicate (three leaves per treatment). Subsequently, the data from different experiments were pooled (n=9). 
Results
Visible symptoms
The excised Solanum leaves treated with either photosynthesis inhibitors or heavy metals did not exhibit any symptoms visible to the naked eye after 5 h exposure to the toxicants (not shown). After 72 h of exposure, however, severe chlorosis, necrosis, leaf wrinkling, and drying were observed in MV-treated leaves. The Cd-treated leaves were somewhat chlorotic, with about 10% of the leaves' laminas necrotic. The Cu, DCMU, or control treatment did not result in any visible toxicity symptoms after 72 h of exposure ( Figure 2 ). Figure 3 represents a composite of all images obtained from a typical 5 h experiment. The control as well as Cd-and Cu-treated leaves exhibited a uniform response across the leaf lamina, without any obvious stress symptoms; similar values of PF, DF, and DF/PF intensity were measured in these treatments. In DCMU-treated leaves, we measured higher PF and lower DF intensity in the central part of the leaves and in the area surrounding the main leaf veins. DF/PF intensity was lower in the central part of the DCMU-treated leaves as compared to unaffected leaf edges. MV treatment had no effect on PF intensity, but considerably reduced DF intensity around the midrib and somewhat less in the area surrounding the leaf veins. Similar results were observed and measured in the DF/PF images.
Prompt and delayed chlorophyll fluorescence images
Analysis of PF images
Significant increases in prompt fluorescence were measured in DCMU-intoxicated areas of leaves during the 5 and 72 h experiments (Figure 4) . 100 μM MV decreased whereas 100 μM CuSO 4 and 100 μM CdCl 2 increased PF during 72 h experiments; however, these changes were not significant.
Analysis of DF images
Delayed fluorescence significantly decreased in DCMU and MV-intoxicated areas of leaves during 5 and 72 h experiments. On the other hand, 100 μM CuSO 4 and 100 μM CdCl 2 exhibited time-dependent effects on DF: copper significantly decreased DF during shortterm exposure (5 h), whereas cadmium significantly decreased DF during 72 h experiments ( Figure 5 ).
Analysis of DF / PF images
DF/PF image analysis revealed a significant decrease in the midrib area of leaves in both the 140 μM DCMU and 100 μM MV-treated groups, as well as most of the lamina in the 100 MV-treated groupin 5 h experiments. During 72 h experiments we measured a significant decrease in the DF/PF index in all treatments. The DF/PF index in control leaves growing for 72 h in the growth chambers was not significantly lower than the DF/PF index in control leaves from 5 h experiments (0.191±0.014 at 5 h and 0.174±0.004 at 72 h; P=0.195; Figure 6 ).
Measurements of maximum fluorescence yield of PSII (Fv/Fm)
During 5 h experiments only 140 μM DCMU caused significant reductions in maximum quantum yield of PSII photochemistry. During 72 h experiments both photosynthesis inhibitors (140 μM DCMU and 100 μM MV) as well as 100 μM CdCl 2 caused significant reductions in maximum quantum yield of PSII photochemistry ( Figure 7 ).
Delayed fluorescence decay kinetics
In addition to spatial differences in DF intensity (Figure 3) , delayed fluorescence decay kinetics fitted to the hyperbolic curve I=I 0 (t+t 0 ) −m +I b differed between treatments (Figure 8) . The most informative was the parameter m, which corresponds to the slope of the decay. DCMU caused a significant increase of parameter m in the midrib region and an insignificant increase in the less-intoxicated leaf edge after 5 h of exposure. MV caused a significant decrease of m, which was most pronounced in the midrib area. There was also a small but significant increase of m in the case of copper exposure. At the 72 h time point only DCMU caused a significant change in parameter m.
Heterogeneity of the fluorescence signal
In the 5 h experiments, the intoxication in the case of DCMU and MV varied across the leaf lamina, with the midrib being the most affected and the leaf edge the least. After 72 h of exposure, however, the entire leaf laminas were uniformly intoxicated in these two as well as in all other treatments. Figure 9 represents how the two-dimensional image data were reduced and analyzed in the 5 h experiments.
Discussion
Our experimental setup, utilizing a cooled electronmultiplying CCD camera, enabled us to successfully visualize delayed and prompt fluorescence of S. tuberosum leaves. DF and PF images showed the heterogeneous influence of photosynthesis inhibitors and metals on the surface of leaves. The most pronounced effect of MV was observed in the midrib area, and DCMU in the central part of lamina, whereas metal exposure resulted in a very even response across the entire leaf area (Figures 3, 9 ). Delayed fluorescence responded to all applied chemicals already after 5 h exposure, although there was no visible damage at that time. DCMU strongly interferes with electron transport by blocking a Q B binding site on PSII. As a consequence, DF yielding back-reactions between the oxygen-evolving complex and Q B are inhibited. DCMU begins to cause a decrease of DF approximately 2 s after illumination [17] . With our experimental setup, we managed to measure this expected decrease of DF using long acquisition intervals (20 s). Reductions in DF after 5 h were most prominent in the case of MV exposure. MV resulted in a gradient of DF that increased with increasing distance from the central vein (Figures 3, 5) . Different DF decay kinetics were observed in leaves treated with different chemicals (Figure 8 ). In addition, different DF decay kinetics were observed in regions of leaves with varying MV or DCMU intoxication ( Figure 8) . MV influences electron transport as a strong electron sink at the acceptor side of PSI [23] , thus causing oxidation of the plastoquinone pool. A consequence is the lower rate of reversed electron flow to the PSII, manifested in lower DF intensity. Decreases in DF after 5 h of MV exposure cannot be attributed solely to oxidative damage to the PSII [35] because Fv/Fm was only slightly reduced at the same time ( Figure 7) . Part of the DF reduction could also be attributed to the oxidation of PSI caused by MV. However, this effect is limited to only 1 to 2% of the DF that is emitted from PSI [36] .
Prompt fluorescence imaging did not show significant effects of MV, cadmium, or copper. The increase in PF after 72 h exposure to Cd and Cu showed some PSII damage in the exposed leaves (Figure 4) . The increase in PF intensity by DCMU exposure could be attributed to the fact that even our lowest possible illumination intensity (0.13 μmol m −2 s −1 PAR) was enough to cause closure of the reaction centers [24] . The illumination intensity of the light utilized for PF imaging was low enough to obtain the minimum fluorescence (F 0 ) in all other cases. A real F 0 value in PF-imaging experiments in DCMU exposure could be obtained by the pulse-modulation imaging method [37] . This was not possible with our experimental setup. Maximum quantum yield of PSII photochemistry (Fv/Fm) measurement, obtained using a commercial PAM fluorometer at 5 h, showed a significant decrease only in the case of DCMU, which could again be attributed to inaccurate F 0 measurement. After 72 h, Fv/Fm of DCMU-exposed leaves was reduced to less than half that of the controls in the case of DCMU and almost to zero in the case of MV showing strong PSII damage. Fv/Fm was also reduced by 72 h exposure to cadmium (Figure 7) . These measurements coincide well with visual observations at 72 h, when only MV and Cd treatment resulted in symptoms visible to the unaided eye.
The DF/PF index was introduced as a normalized parameter to test the fitness of the photosynthetic apparatus. A similar parameter has been introduced before [18] , in which F 0 was used instead of PF. DF/PF was selected as a promising stress parameter because PF increases with the number of non-active PSII reaction centers, whereas DF increases with the concentration of active PSII centers [12] . When the number of active PSII reaction centers is reduced, DF/PF values should decrease. In Dunaliella tertiolecta, DF/PF was more sensitive to nitrogen deprivation than Fv/Fm [18] . In this study, DF/PF was shown to be the best phenomenological stress parameter: after only 5 h of exposure to DCMU and MV, a 50% reduction (compared to the control) was measured in the most intoxicated areas of leaves ( Figure 6 ). The effect of these chemicals is even more evident after 72 h. In addition, the effects of copper and cadmium significantly decreased the value of DF/PF at this time point, which is quite expected due to the wide spectrum of toxic action of the selected metals on the photosynthetic apparatus [29] and various metabolic processes [27, 30] .
DF decay kinetics were steeper (higher m values) in the case of DCMU, which is in accordance with published data [11] . MV caused transient reduction of parameter m, which diminished after 72 h. At this time point, general toxicity symptoms surpassed the direct inhibitory action of MV, as shown by a strong reduction of DF intensity. In copper-exposed leaves we observed a small but significant increase of m at 5 h (Figure 8 ). Despite the sensitivity of parameter m to the chemicals tested, it cannot be used as a general stress marker because of its specific responses to different chemicals.
We have shown that delayed fluorescence imaging allowed us to detect stress symptoms considerably sooner than they can be observed visually. In this way it competes with the more common prompt fluorescence imaging, which has already proved its applicability in research on photosynthesis, detection of fungal infection, discrimination of heterogeneous populations of algal cells within intact biofilms, and detection of herbicide effects [1, 4, 38] . Although the basic mechanism of DF is well understood, straightforward interpretation of the influence that different stressors have on DF can be risky due to the complex interplay of the processes that influence DF kinetics and intensity. However, the robustness and sensitivity of DF as a measure of photosynthetic activity has its advantages in studies of plant physiology and toxicology [12, 13, 15, 39, 40] .
Conclusions
Our study highlights the power of delayed fluorescence imaging for detection of early stress and damage to the photosynthetic apparatus. In addition to the abundant spatial and temporal information obtained with our instrumental setup, it is evident that delayed fluorescence imaging is more responsive compared to prompt fluorescence parameters. The study demonstrates that already after 5 h, when toxicity symptoms are indiscernible to the observer, significant effects of two common photosynthesis inhibitors (herbicides) can be visualized. The DF/PF index was shown to be a sensitive and robust index that allowed us to normalize delayed fluorescence imaging data. Thus we were able to quantify photosynthesis damage by herbicides as well as heavy metals and compare this damage in different leaves.
